Ketogenic diets are well established as a successful anticonvulsant therapy. Based on overlap between mechanisms postulated to underlie pain and inflammation, and mechanisms postulated to underlie therapeutic effects of ketogenic diets, recent studies have explored the ability for ketogenic diets to reduce pain. Here we review clinical and basic research thus far exploring the impact of a ketogenic diet on thermal pain, inflammation, and neuropathic pain.
1. Like seizures, chronic pain is thought to involve increased excitability of neurons; for pain, this can involve peripheral and/or central neurons. 6, 7 Thus, there is some similarity of the underlying biology. 2. Anticonvulsant drugs are often prescribed for neuropathic pain, which is poorly responsive to typical analgesic drugs (see below). Logically, then, if there is any commonality in the actions of anticonvulsant drugs and the ketogenic diet, the latter should have some effect on neuropathic pain. 3. Reducing glycolytic metabolism appears to be anticonvulsant, whether it is accomplished by fasting, caloric restriction, high fat plus carbohydrate restriction (the ketogenic diet, the modified Atkins diet), 4, 5 or specifically blocking glycolysis with 2-deoxyglucose. 8 In a parallel fashion, fasting and 2-deoxyglucose are both analgesic, 9, 10 so the ketogenic diet is also likely to be. 4. The neuromodulator adenosine can be analgesic 11, 12 and is involved in acupuncture's effects 13, 14 ; evidence has been accumulating that metabolic changes such as fasting, the ketogenic diet, and 2-deoxyglucose all boost adenosine signaling. [15] [16] [17] [18] [19] Recent evidence suggests that exercise can treat neuropathic pain via an adenosine-based mechanism. 20 Despite these overlaps and clinical potential, there has been little work characterizing the relationship between ketogenic diets and pain directly. Recently pain was highlighted in an overview of neurologic disorders that should be considered for metabolic therapy 21 ; clearly, treatment of pain and inflammation is a prevalent and unmet need. Here we present evidence from clinical and basic research, including positive and negative findings from our laboratory, identifying ketogenic diets as a platform deserving further optimization and exploration.
The Ketogenic Diet and Thermal Pain
As an initial direct test of the relationship between a ketogenic diet and pain we chose an acute, simple model (the hotplate test) of momentary thermal pain in rats. Briefly, rats are placed on a warm plate and their latency to display discomfort (licking or raising their hindpaws) is recorded and the animal is removed immediately. We customized a temperature range such that the lower temperatures approached a 60-second ceiling (the maximum time period; all rats were removed after 60 seconds), and the highest temperature elicited a response in 10 to 15 seconds (thus, not uncomfortable immediately but within a dynamic range that could be measured easily).
In rats fed a control versus a ketogenic diet for 2 to 3 weeks, we tested a series of 6 temperatures ascending through our customized range using a once-per-day test ( Figure 1A ) to generate temperature-response curves. Feeding with a ketogenic diet increased the latency to show behavioral indications of pain, that is, it produced hypoalgesia to thermal pain. We found that this increased latency to thermal pain was present in juvenile and adult rats, 22 and in other studies determined that the ketogenic diet does not affect motor function. 23, 24 Therefore, motor deficits did not underlie this increased behavioral latency.
Recent basic research has delved into the mechanisms and variables controlling these ketogenic diet effects by several means. First, because of the wide array of genetic modifications available, we wished to test for these effects in mice. Disappointingly, after 3 weeks of a 6.6:1 ketogenic diet (diet ratio indicates fat to: [carbohydrate þ protein], by weight), there was no effect on the temperature-response curve in the common inbred mouse strain C57Bl/6 (data not shown). This outcome was in clear contrast to rats, where the same diet produces these effects reliably. 22, 23 Other mouse strains might produce different results with the hotplate test. Similarly, other tests of thermal pain might be useful to explore diet-induced changes 25 and could further illuminate species differences.
Second, we were interested in whether other ketogenic diet formulations would also produce similar thermal hypoalgesia in rats. Ketogenic diets used clinically are typically in the 1:1 to 4:1 range, considerably milder than a 6.6:1 diet. A lower ratio (and thus a more liberal diet) can be more palatable and increase compliance, thus increasing clinical applicability. Therefore, we also tried a 3.0:1 ketogenic diet. 23 Compared at identical lengths of feeding ( Figure 1A , B), both ketogenic diets produced significant hypoalgesia at multiple temperatures. The milder diet, however, had no significant effect at the highest tested temperature (51 C). This pattern seems to indicate that hypoalgesia relates somewhat to ketogenic diet stringency, and also possibly that ketogenic diets are more effective against mild pain.
We also pursued the relationship between metabolic and behavioral effects of the ketogenic diet. Ketogenic diets produce long-recognized characteristic changes in blood chemistry, namely, elevated ketones and lowered glucose. The comparative evolution of ketones, glucose, and hypoalgesia might provide insight into the mechanisms underlying hypoalgesia. We found partial dissociations at both short (up to 3 weeks) and long (10-11 weeks) time points during ketogenic diet treatment. After just 2 days of feeding with a 6.6:1 ketogenic diet, rats had elevated ketones and mildly reduced glucose (as expected; Figure 2B , C), but hotplate testing over days 1 through 6 of feeding revealed that there was no significant effect of diet on thermal pain sensitivity ( Figure 2A ). 23 Therefore, simply raising blood ketones and lowering blood glucose is not sufficient to produce hypoalgesia. This result seems to rule out a mechanism involving, for instance, direct acute effects of ketones on molecular targets underlying thermal pain sensitivity.
At the longest time point of the investigated time course, rats kept on a 3.0:1 ketogenic diet for at least 10 weeks were significantly hypoalgesic ( Figure 3A) , arguably more so than at 2 weeks (compare Figures 1B to 3A) . At 10 weeks, ketones were still elevated, yet glucose was no longer reduced compared to levels in control diet-fed rats ( Figure 3B , C). Therefore, the presence of hypoalgesia does not depend on low glucose. Elevated ketones are present at all time points at which hypoalgesia is present, and so might be necessary-but are not sufficient (Figures 2 and 3 ).
Together these studies demonstrate consistent effects on thermal pain with a higher-and a lower-ratio ketogenic diet, the . Elevated ketones and reduced glucose without thermal hypoalgesia. Rats were fed on a 6.6:1 ketogenic diet for 1 day before daily hotplate testing commenced (A). Separate groups of rats were used for sampling of tail whole blood (B, C). *P<.05, ***P<.001 versus control diet. Adapted from published work. 23 Figure 3 . Thermal hypoalgesia without reduced glucose. Rats were on a 3.0:1 ketogenic diet for 70 days before daily hotplate testing (A). Separate groups of rats were used for sampling of tail whole blood (B, C). #P¼.055, *P<.05, **P<.01, ***P<.001 versus control diet. Adapted from published work. 23 latter increasing clinical utility in terms of compliance and palatability. In addition, these data show that thermal hypoalgesia is maintained after chronic ketogenic diet feeding (also increasing clinical utility). Finally, these experiments demonstrate that rat physiology adapts over time to re-establish blood glucose levels similar to those found on a control diet (as found in other studies 26 ), and thus significantly reduced blood glucose is not necessary for long-term effects in this model. Chronic physiological adaptations to low carbohydrate intake might relate to the mechanisms underlying thermal hypoalgesia.
The Ketogenic Diet and Inflammation
Many types of pain and painful or progressive conditions involve chronic inflammation. As noted above, several mechanistic threads support the hypothesis that a ketogenic diet will reduce inflammation. Compared with glucose metabolism, ketone metabolism produces fewer reactive oxygen specieswhich are known to contribute to inflammation. A ketolytic metabolism produces this effect through affecting the mitochondrial coenzyme Q couple and the cytoplasmic glutathione couple. 27 Exogenously applied ketones reduce reactive oxygen species in vitro [28] [29] [30] [31] [32] and in vivo. 33 Therefore, the ketone-based metabolism of a ketogenic diet should guard against inflammation.
Data suggesting positive effects of a ketogenic diet itself on inflammation or associated inflammatory processes have been accumulating recently. In rodents, ketogenic diets reduce reactive oxygen species in the brain 34 and reduce central inflammation and reactive oxygen species in a model of multiple sclerosis. 35 Two clinical papers have found that ketogenic diet feeding of 12 weeks to 6 months reduced signs of liver inflammation in obese patients with nonalcoholic fatty liver disease (in addition to improving various other physiological and biochemical variables). 36, 37 Unfortunately, basic research into nonalcoholic fatty liver disease has been hampered by species differences between mice and humans in their hepatic reaction to ketogenic diets. 38 Beyond the effects of ketones and ketone metabolism, the high fat content of ketogenic diets will elevate fatty acid levels in the body, including long-chain polyunsaturated fatty acids that bind to peroxisome proliferator-activated receptors. When activated, these nuclear receptors induce transcriptional changes that culminate in enhanced lipid metabolism. 39 Synthetic peroxisome proliferator-activated receptor agonists reduce experimentally induced inflammation, [40] [41] [42] and genetic knockout of a major peroxisome proliferator-activated receptor augments inflammatory reactions. 43 This effect appears to involve inhibition of pro-inflammatory pathways involving nuclear factor kB, signal transduction and transcription-1, and nuclear factor of activated T cells. 44 An additional mechanism with anti-inflammatory potential is adenosine. As noted above, evidence is mounting that a ketolytic metabolism elevates levels of the neuromodulator adenosine, 17, 19 and adenosine has long been known to be anti-inflammatory, 45, 46 acting via receptors at multiple sites, including leukocytes, 47 endothelia, 48 and neurons. 49 Thus, the ketogenic diet might have anti-inflammatory effects through increased adenosine production.
In our own research, we tested the relationship between a ketogenic diet and experimentally induced inflammation. We induced local inflammation in juvenile and adult rats that had been fed a 6.6:1 ketogenic diet for 3 weeks. 22 Inflammation was produced by subcutaneous injection of complete Freund's adjuvant into a hindpaw. Two days later, injected and uninjected contralateral hindpaws were examined for swelling and for plasma extravasation (ie, fluid movement from blood vessels into the interstitial space). We found that ketogenic diet treatment significantly reduced both of these measures of inflammation in juvenile animals (Figure 4 ). Further extending clinical applicability, the ketogenic diet also produced significant, albeit smaller, effects in adult rats. 22 Thus, evidence indicates that ketogenic diets can reduce inflammation, and thus can be helpful for inflammation-associated pain.
The Ketogenic Diet and Neuropathic Pain
Neuropathic pain is caused by lesion or dysfunction of nervous tissue; the most common forms are associated with diabetes, shingles, multiple sclerosis, anticancer drugs, and both HIV infection and antiretroviral drugs. 50 The most potent painkillers, the opiates, have been viewed historically as poorly effective against this type of pain. Only a subset of patients with neuropathies can respond well to opiates 51 , alternatively, higher-than-typical opiate dosing could be necessary for effective pain control in neuropathies, 52 thus raising serious concerns about sedation and drug dependence. As noted above, anticonvulsant drugs are more commonly prescribed for neuropathic pain, but as with opiates, these drugs can have sedative and cognitive side effects. Therefore, we examined the effects of the ketogenic diet in 2 models of neuropathic pain.
We first explored a chronic constriction injury of the sciatic nerve, a surgical procedure in which this nerve is ligated unilaterally. The chronic constriction injury involves placing multiple sutures around the sciatic nerve proximal to the point at which it branches into the tibial, common peroneal, and sural nerves. Each suture was tightened just enough to evoke a twitch in the innervated muscles. This experimental model of neuropathic pain produces allodynia (the painful sensation of normally innocuous stimuli) of the ipsilateral hindpaw lasting several weeks. 53 To maximize potential for clinical translation, we started ketogenic diet treatment immediately after the chronic constriction injury or sham surgery (all procedures performed except for ligation). Hindpaw sensitivity to tactile stimulation with von Frey probes was assessed weekly after surgery. As expected, allodynia was robust ipsilateral to the affected nerve in mice on control diet at 1 to 3 weeks post surgery ( Figure 5 ). In mice on the ketogenic diet, allodynia did not reach significance until 3 weeks. This pattern could be interpreted as a delayed onset to allodynia, yet scores from ketogenic diet-fed and control diet-fed nerve-damaged mice never differed significantly, and a small change in ketogenic diet-fed shamsurgery mice at weeks 1 and 2 probably contributed to a loss of statistical significance when comparing sham versus treatment animal within each diet group. Also, thresholds were slightly reduced contralateral to the surgery in ketogenic diet-fed mice (data not shown).
Despite these caveats, there is little suggestion of a substantial effect of diet in this experimental paradigm. Because a sudden acute nerve injury typically cannot be predicted, we focused on initiating therapy after the injury in these initial experiments. However, initiating diet treatment after surgery, rather than prior, could have reduced its potential efficacy; prior dietary treatment could yield a different outcome for neuropathic pain due to injury and deserves further exploration. Importantly, pretreatment with a ketogenic diet still holds clinical relevance for situations of planned surgeries, especially those with a significant risk for neuropathic sequelae.
We further explored the ketogenic diet and neuropathic pain in a more generalized neuropathic model: chemotherapyinduced neuropathy. Because chemotherapy is a scheduled intervention, we employed a protocol with dietary pretreatment. In addition, we used rats, an animal model with positive results regarding ketogenic diets and pain. 22, 23 Finally, in this study, we tested 2 ketogenic diets of differing strength.
After 2 weeks of feeding with control or ketogenic diets, juvenile rats were injected intraperitoneally with the antimitotic cancer drug paclitaxel (2 mg/kg, or 5% dimethylsulfoxide vehicle) every other day for 4 injections. Rats were tested with von Frey probes weekly for 3 weeks (from day 8 through day 29) for tactile allodynia of the hindpaws. Ketogenic diets appeared to have little effect on thresholds in vehicle-injected animals ( Figure 6B, C) . In animals receiving drug, robust allodynia developed in all diet treatment groups. In addition, drug-injected rats on the stricter 6.6:1 ketogenic diet-much stronger than diets used clinicallyalready had a slightly but significantly reduced mechanical threshold at the 8-day time point compared to vehicle ( Figure 6C) ; however, this group at this time point did not differ significantly from drug-injected rats on the other 2 diets. Nevertheless, there is no evidence that ketogenic diets alleviate neuropathic pain in this model. Notably, a suggestion of generally increased tactile sensitivity in mice on the 6.6:1 diet ( Figure 5 ) does not occur in rats on this diet ( Figure 6C , ''baseline''), highlighting species differences in ketogenic diet responsiveness.
Ketogenic Diets, Pain, and Inflammation: Progress on Models and Mechanisms
Pain remains a vast data space, with a plethora of models and time courses as well as ongoing mechanisms and underlying Figure 5 . A ketogenic diet has little effect on neuropathic pain due to sciatic nerve constriction injury in mice. All data are from the hindpaw ipsilateral to the sham or actual surgery. The ketogenic diet was 6.6:1. Number of subjects is 10 to 11. *P<.05 versus sham surgery. Unpublished data.
causes. In parallel, the ketogenic diet remains relatively uncharacterized in terms of optimal formulation and underlying mechanisms even for treatment of epilepsy, despite its consistent clinical use for more than 90 years. Within this framework, it is neither to be assumed that mechanisms and optimal therapeutic formula(e) will be common among the epilepsies nor that epilepsy-based protocols will translate perfectly to painful conditions. To date, many research studies are done after 3 weeks on the ketogenic diet, based loosely on published anticonvulsant effects in rodents. Yet different paradigms could require different treatment time courses: for example, in the thermal pain tests with a hotplate, the first behavioral effects on an acute pain response were observed after 10 days of diet treatment. Neuropathic pain develops as a chronic pain model, and different time courses of pain development and treatment response are to be expected. Although we did not find significant effects of the ketogenic diet in ameliorating allodynia due to sciatic nerve constriction or chemotherapy-induced neuropathy, these represent just 2 models. Additional types of neuropathic pain have not been explored to date. Considering the magnitude of the unmet need for effective and nonaddictive pain treatments, more work is needed.
Caveats regarding species differences and translatability remain a challenge in metabolic work, even among rodents. Here we highlighted reduced thermal pain in rats but not in mice after similar diet treatment protocols and experimental procedures. As an additional example, established anticonvulsant effects of ketogenic diets in humans and rats are countered by only mixed success in mice in various seizure models. [54] [55] [56] Therefore, mice might be a challenging model for exploring the relationship between a ketogenic diet and pain and inflammation. This is disappointing with the vast array of genetic approaches available in mice; knockout rats, although limited in number so far, could prove useful. An important take-home message, however, is that negative (or positive) effects of metabolic manipulations in mice might not be representative of responses in other speciesperhaps echoing recent findings regarding the utility of mice in medical research. 57 
Implications, Comorbidities, and Multiple Benefits
Use of the ketogenic diet has spread internationally in recent years, and therefore it has become a therapy increasingly accessible to many different cultural traditions. 58 Across all cultures, patients with chronic pain have among the lowest reported quality-of-life scores of any medical condition, and it has a striking negative impact on economies. In one representative country, chronic pain takes up one-fifth of the entire health care expenditure, whereas in another it is 3 times as costly as all types of cancer together. 59 One strategy which remains unexplored and could yield important insights is to combine a ketogenic diet with a known hypoalgesic pharmacologic agent (eg, amitriptyline) and note additive or synergistic effects, as have been noted for seizure control but only for some drugs. 60 At this time, much more research is needed to determine if mechanisms mobilized by the ketogenic diet-a proven strategy for epilepsy-could benefit painful conditions, and perhaps also some of their comorbidities. For example, anxiety and depression are comorbid with both pain and epilepsy, as are sleep disorders. Restoring homeostasis in any of these realms can improve others and overall quality of life. There is a potential for similar multiple benefits, particularly given its metabolic underpinnings, in using a ketogenic diet to treat neuropathy associated with diabetes. A ketogenic diet has not been but should be explored in diabetic neuropathy, particularly because recent evidence already suggests that a ketogenic diet can reverse diabetic nephropathy in a rat. 61 Furthermore, because it stabilizes a lower blood glucose, a ketogenic diet could limit or eliminate the need for insulin or other medications. Thus, a ketogenic diet could treat pain as well as multiple symptoms and consequences of diabetes. For more information about low-carbohydrate diets and diabetes, please refer to the article in this supplement coauthored by Dr Jeff Volek.
Inflammation is increasingly appreciated as part of the epileptogenic process, and becomes ever more strongly associated with neurologic problems in young and old alike. For example, autism is associated increasingly with maternal inflammation, 62 and seizures are often comorbid. 63 Inflammation and seizures are similarly comorbid with Alzheimer's disease, 64, 65 and recent work has highlighted benefits of metabolic therapies in Alzheimer's and Parkinson's disease. 66 Recent reviews have highlighted the potential for ketogenic diets in diverse disorders. 21, 67 Aside from disease-based processes, cognitive impairment has been observed alongside prediabetes even in adolescents, 68 thus underscoring the ability for altered metabolic homeostasis to affect brain function throughout the lifetime. A major research focus should be on how metabolic interventions such as a ketogenic diet can ameliorate common, comorbid, and difficult-to-treat conditions such as pain and inflammation.
